The Mec1/ATR kinase coordinates multiple cellular responses to replication stress. In addition to its canonical role in activating the checkpoint kinase Rad53, Mec1 also plays checkpoint-independent roles in genome maintenance that are not well understood. Here we used a combined genetic-phosphoproteomic approach to manipulate Mec1 activation and globally monitor Mec1 signaling, allowing us to delineate distinct checkpoint-independent modes of Mec1 action. Using cells in which endogenous Mec1 activators were genetically ablated, we found that expression of "free" Mec1 activation domains (MADs) can robustly activate Mec1 and rescue the severe DNA replication and growth defects of these cells back to wild-type levels. However, unlike the activation mediated by endogenous activator proteins, "free" MADs are unable to stimulate Mec1-mediated suppression of gross chromosomal rearrangements (GCRs), revealing that Mec1's role in genome maintenance is separable from a previously unappreciated proreplicative function. Both Mec1's functions in promoting replication and suppressing GCRs are independent of the downstream checkpoint kinases. Additionally, Mec1-dependent GCR suppression seems to require localized Mec1 action at DNA lesions, which correlates with the phosphorylation of activator-proximal substrates involved in homologous recombination-mediated DNA repair. These findings establish that Mec1 initiates checkpoint signaling, promotes DNA replication, and maintains genetic stability through distinct modes of action.
DNA replication is an inherently stressful process. Progression of the replication machinery is often impeded by barriers such as DNA adducts, DNA-RNA hybrids, and protein-DNA complexes (Branzei and Foiani 2010; Lambert and Carr 2013) . Replication forks may stall or collapse at these obstacles or at DNA lesions, leading to the exposure of stretches of ssDNA, which signal for the activation of the evolutionarily conserved PI3K-like kinase ATR (yeast Mec1) (Zou and Elledge 2003; MacDougall et al. 2007 ). Mec1/ATR coordinates multiple cellular responses to DNA replication stress through the phosphorylation of a wide range of substrates (Matsuoka et al. 2007; Smolka et al. 2007 ; Bastos de .
In its canonical role, Mec1/ATR initiates the DNA damage checkpoint by phosphorylating and activating the CHK1 kinase (yeast Rad53) (Sanchez et al. 1996; Liu et al. 2000) . Once activated, Rad53/CHK1 signaling induces hallmarks of the checkpoint response, including cell cycle arrest, inhibition of origin firing, increased dNTP levels, and the stabilization of stalled replication forks (Santocanale and Diffley 1998; Lopes et al. 2001; Chabes et al. 2003; Cobb et al. 2005; Ge and Blow 2010) . The DNA damage checkpoint is necessary for the response to genotoxic stresses, and cells lacking either Mec1/ ATR or Rad53/CHK1 are exquisitely sensitive to exogenous genotoxins that damage DNA or stall DNA replication forks (Weinert et al. 1994; Zhou and Elledge 2000) .
Mounting evidence reveals that Mec1/ATR also plays crucial roles independently of the DNA damage checkpoint. For example, in budding yeast, the genotoxic sensitivity of rad53Δ, but not mec1Δ, cells can be rescued by the removal of the EXO1 exonuclease (Segurado and Diffley 2008) . Mec1 may also directly phosphorylate MCM helicase proteins, priming prereplication complexes for origin firing in a manner redundant to cyclin-dependent kinases (CDKs)/Dbf4-dependent kinase (DDKs) (Randell et al. 2010) . Mec1 was also shown to inhibit de novo telomere addition at DNA break sites by phosphorylating Cdc13 (Zhang and Durocher 2010) . In addition to these roles, well-documented genetic evidence indicates that Mec1 performs key functions for genome maintenance that are largely checkpoint-independent. Specifically, yeast lacking Mec1 exhibits high genetic instability in the form of gross chromosomal rearrangements (GCRs) during unperturbed cell proliferation, yet yeast lacking downstream checkpoint factors (e.g., rad53Δ) does not (Myung et al. 2001) . Despite the importance of this checkpoint-independent role for Mec1, the mechanism by which it suppresses GCRs is unknown.
Activation of Mec1/ATR relies on its recruitment to ssDNA via its binding partner, Ddc2/ATRIP (Rouse and Jackson 2000; Myung et al. 2001) . Of importance, Mec1/ ATR is mostly inactive upon recruitment and requires interaction with specific stimulatory proteins for activation. In yeast, proteins reported to have the ability to activate Mec1 include Ddc1, Dpb11, and Dna2, all of which are known to associate directly or indirectly with DNA structures formed at replication forks or post-replicative lesions (Mordes et al. 2008b; Burgers 2008, 2009; Kumar and Burgers 2013) . Until recently, only the ortholog of Dpb11, TOPBP1, had been shown to activate ATR in mammals (Kumagai et al. 2006 ). However, recent reports have revealed that ETAA1, a protein implicated previously in the response to DNA replication stress, can also activate ATR (Bass et al. 2016; Haahr et al. 2016; Lee et al. 2016) . Therefore, similar to Mec1 in yeast, ATR can also use distinct proteins for activation. All of these activators possess Mec1 activation domains (MADs)/ATR activation domains (AADs), which are unstructured domains that physically mediate the stimulation of Mec1/ATR kinase activity (Kumagai et al. 2006; Mordes et al. 2008a; Wanrooij et al. 2016) . Mec1/ATR activators are critical for the initiation of the DNA damage checkpoint and appear to function in a highly redundant manner, since the complete disruption of Rad53 activation upon exposure to genotoxins requires the concomitant disruption of all endogenous MADs (Kumar and Burgers 2013) . We reported recently the unexpected finding that Dna2 and Ddc1-Dpb11 are also required for a replication-correlated mode of Mec1 signaling that is distinguishable from the action of Mec1 in activating Rad53 . Replication-correlated signaling is robustly active during normal S phase (independently of genotoxin-induced replication stress) and impinges on ∼80 different substrate proteins .
Here, to further investigate Mec1-dependent GCR suppression and potentially other checkpoint-independent functions of Mec1, we developed a combined geneticphosphoproteomic approach in which we manipulated Mec1 activation and globally monitored the impact on Mec1 signaling output and function. Using this system, we demonstrate that the expression of "free" MADs is sufficient for robust Mec1 kinase activation and supports wild-type-like growth and DNA replication rates. However, "free" MADs are unable to stimulate Mec1-mediated suppression of GCRs, which specifically requires activation via MADs attached to proteins in proximity to DNA lesions (e.g., Ddc1-Dpb11 and Dna2). Strikingly, we found that Mec1's functions in both promoting DNA replication and suppressing GCRs are independent of the downstream checkpoint kinases.
Results

A genetic system for the manipulation of Mec1 activation
Despite the common depiction of Mec1/ATR as a checkpoint kinase, multiple lines of genetic evidence indicate that Mec1 has important checkpoint-independent functions. Yeast cells lacking Mec1 are significantly more genetically unstable than yeast cells lacking downstream checkpoint factors ( Fig. 1A ; Myung et al. 2001) . This is especially apparent in the absence of the related PI3K-like kinase Tel1 (human ATM), which plays partially redundant roles with Mec1 (Morrow et al. 1995) . Notably, mec1Δ tel1Δ cells have drastically elevated GCR rates and display a severe growth defect that is not observed in cells lacking Rad53 signaling ( Fig. 1A ; Supplemental  Fig. S1A ). How Mec1 operates independently of Rad53 to prevent genomic instability and promote proper cell growth has remained one of the most fundamental knowledge gaps in our understanding of Mec1 function.
To dissect the checkpoint-independent functions of Mec1, we engineered a genetic system that allows us to manipulate Mec1 activation and, as a result, its action. This system is based on the combined disruption of the Mec1 activators by mutation of the MAD of Dna2 (dna2-AA mutant) and deletion of DDC1, which also leads to delocalized Dpb11 (Navadgi-Patil and Burgers 2009; Balint et al. 2015) . In the dna2-AA ddc1Δ strain, Mec1 should be in a "dormant," largely inactive state (Fig. 1B) . Consistent with this prediction and with previous work (Kumar and Burgers 2013; Bastos de Oliveira et al. 2015) , deletion of TEL1 in the dna2-AA ddc1Δ strain closely mimics the high GCR rate of mec1Δ tel1Δ cells and also results in a slow growth phenotype ( Fig. 1C ; Supplemental Fig. S1A ). We note that deletion of either DDC1 or DNA2 does not result in high GCR rates or slow growth even when combined with deletion of TEL1 (Fig. 1C) . The dna2-AA ddc1Δ tel1Δ strain (referred to here as the ddt strain) forms the basis of our system, as various constructs can be introduced to differentially manipulate the reactivation of "dormant" Mec1 (Fig. 1D ). Of note, mec1Δ and rad53Δ are not viable unless dNTP pools are increased via the deletion of SML1 (Zhao et al. 1998) . Thus, all ddt and ddt derivative strains were generated in a sml1Δ background (unless indicated otherwise).
Expression of 'free' MADs can rescue the growth defect of ddt Since the endogenous MADs are imbedded within proteins known to localize to DNA lesions and stalled replication forks (Tkach et al. 2012) , we first sought to test whether Mec1 requires activation via MADs within their native proteins or whether the expression of "free" untethered MADs is sufficient to promote activation of Mec1 in vivo ( Fig. 2A) . Despite lacking sequence homology, the MADs of Dpb11, Ddc1, and Dna2 are all predicted to be unstructured in nature and possess two bulky hydrophobic residues that are critical for stimulating Mec1's catalytic activity ( Fig. 2A) . Remarkably, ectopic expression of any one of the three yeast MADs (from Ddc1, Dpb11, or Dna2) was able to rescue the severe growth defect of ddt cells ( Fig. 2B; Supplemental Fig. S1B ). In fact, we found that medium-level expression of MAD DNA2 (representing amino acids 1-450 of Dna2; CYC1 promoter) rescues the growth of ddt cells nearly as well as the reintroduction of full-length Ddc1 (DDC1 promoter) (Fig.  2B) . Importantly, expression of "free" MADs in a strain lacking the Mec1 kinase had no observable effect on growth (Fig. 2C) . The extent of the growth rescue correlated with the level of MAD expression (Fig. 2D) . However, drastic overexpression of MAD DNA2 (ADH1 promoter) began to negatively affect the growth rescue (data not shown); thus, the promoters used in Figure 2B represent the optimal level of growth rescue for each MAD tested. Relative expression levels of MAD DNA2 and MAD
DPB11
(representing amino acids 572-764 of Dpb11) under the control of ADH1 and CPY1 promoters were assessed by Western blot (Supplemental Fig. S1D ).
The growth rescue elicited by 'free' MADs in ddt is independent of the downstream checkpoint kinases
We next asked whether "free" MADs were also capable of initiating the checkpoint response upon exposure to genotoxic stress. While expression of full-length Ddc1 in ddt cells conferred resistance to MMS and enabled robust checkpoint activation through the phosphorylation of Rad53, expression of "free" MADs did not (Fig. 2E,F) . We next tested whether the growth rescue elicited by "free" MADs was also dependent on the action of the downstream checkpoint kinases Rad53 and Chk1. Surprisingly, deletion of both checkpoint effector kinases did not preclude the growth rescue elicited by "free" MADs or Ddc1 (Fig. 2G ). To our knowledge, this is the first definitive demonstration that Mec1 promotes cell growth independently of the canonical checkpoint pathways (Fig. 2H ).
Separable checkpoint-independent roles for Mec1 in promoting growth and suppressing GCRs
To test whether, in addition to promoting cell growth, the expression of free MADs also restores genetic stability in ddt cells, we designed a plasmid-compatible GCR assay to assess changes in genetic stability within the ddt strain background (Fig. 3A) . Surprisingly, we found that although expression of "free" MAD DPB11 or expression of "free" MAD DNA2 could rescue the growth defects of ddt cells, they were unable to restore genetic stability to the same extent as Ddc1 expression (Fig. 3B,C kinases Rad53 and Chk1 were dispensable for Ddc1-dependent rescue of GCR suppression ( Fig. 3D ,E; Supplemental Fig. S2A,B ). We were unable to include an empty vector control in the analyses of ddt rad53Δ cells in Figure 3E , as these cells with empty vector form only barely visible microcolonies on +5-FOA/+Can plates (Supplemental Fig. S2C ). Taken together, since "free" MADs could almost fully rescue the growth defect of ddt but were unable to restore genetic stability, we conclude that the slow growth phenotype of strains lacking Mec1 and Tel1 signaling is not a consequence of the accumulation of GCRs but results from the disruption of other, currently unknown, functions of Mec1. Collectively, these data demonstrate that Mec1 plays separable checkpoint-independent roles in suppressing GCRs and promoting cell growth (Fig. 3F ) and suggest that these roles are distinguished by the context of Mec1 activation.
Recruitment of MADs at DNA lesions is required for Mec1-mediated GCR suppression
To further investigate the context of Mec1 activation required for proper GCR suppression, we assessed how the assembly of the Ddc1-Dpb11 complex impacted the ability of Mec1 to suppress GCRs. Ddc1 is a component of the yeast 9-1-1 DNA clamp that is loaded at the 5 ′ end of dsDNA:ssDNA junctions (Majka et al. 2006) . The recruitment of Dpb11 to the 9-1-1 complex is dependent on the Mec1-mediated phosphorylation of Ddc1 at Thr602 ( Fig.  4A ; Puddu et al. 2008) . Since "free" MADs are unable to restore GCR suppression in ddt cells, we hypothesized that the ability of Mec1 to suppress GCRs relies on its efficient local activation at DNA lesions. To test this hypothesis, we asked whether disrupting the recruitment of Dpb11 to the 9-1-1 complex might impair the ability of Mec1 to suppress GCRs. Consistent with this (Fig. 4C) . Furthermore, we performed a similar experiment using a ddt strain that also lacked the endogenous MAD of Dpb11 (ddt dpb11-601) ( Fig. 4A ; Navadgi-Patil and Burgers 2008) and found that, in these cells, expression of wild-type DDC1 or ddc1-T602A does not efficiently rescue GCRs ( Fig The approximate number of GCR events per culture was calculated based on the number of canavanine/5-FOA-resistant colonies per spot. Each data point in the dot plot corresponds to the estimated number of GCR events that occurred in an independent culture. For DDC1, n = 36; for MAD DNA2 , n = 35; for MAD DPB11 , n = 36. The red dashed line indicates the approximate median level of GCR events for the ddt strain, as described previously . (D,E) Experiments performed as described in C and D, respectively, but using a ddt rad53Δ strain. For extended growth curves, see Supplemental Figure S2A . When carrying an empty vector, the ddt rad53Δ strain grows very poorly in minimal medium and is only capable of forming tiny colonies on +Can +5-FOA plates (Supplemental Fig. S2C ). (F) A model depicting separable roles for Mec1 in GCR suppression, checkpoint signaling, and growth. The growth rate of the ddt strain transformed with pRS415 plasmids with the indicated inserts. DDC1 and ddc1-T602A were expressed under the DDC1 promoter. Error bars represent the standard deviation of at least six replicate cultures. The results depicted are representative of multiple independent experiments. For extended growth curves, see Supplemental Figure  S1B . (C) Measurement of GCR events in the ddt strain transformed with pRS415 plasmids with the indicated inserts. The experiment was performed as described in Figure 3A. (D,E) Experiments performed as described in B and C, respectively, with a ddt strain in which endogenous Dpb11 is lacking its MAD domain (dpb11-601). For extended growth curves, see Supplemental Figure S3. these findings suggest that the recruitment of MADs at DNA lesions-specifically at the 5 ′ ends of dsDNA: ssDNA junctions-promotes a localized mode of Mec1 activation that is required for GCR suppression and cannot be recapitulated with "free" MADs.
Phosphoproteomics delineate context-dependent Mec1 activation
To further dissect Mec1's checkpoint-independent functions in promoting growth and suppressing GCRs, we used quantitative mass spectrometry (MS) analysis of phosphosubstrates (QMAPS) to globally monitor the phosphorylation of Mec1 substrates in response to activation via "free" MADs or endogenous activators. Consistent with their ability to efficiently rescue the growth rates of ddt cells, we found that "free" MADs robustly stimulate the kinase activity of Mec1, promoting the phosphorylation of dozens of Mec1 substrates (Fig. 5A ). For almost all detected substrates (including Mec1 autophosphorylation at Ser38), the level of phosphorylation promoted by "free" MADs was comparable with, or even higher than, the level achieved when Mec1 was activated via Ddc1-Dpb11 (Fig. 5B , see "growth-correlated" substrates), which strongly suggests that the inability of the "free" MADs to rescue genetic stability in ddt is not due to a lesser amount of overall Mec1 kinase activity. Strikingly, activation via the Ddc1-Dpb11 complex, but not via "free" MADs, promoted robust phosphorylation of the Mec1 substrates Rtt107 and Slx4 (Fig. 5B , see substrates "correlated with GCR suppression"), which are protein scaffolds that have multiple roles in genome maintenance, including homologous recombination (HR)-mediated DNA repair (Ii and Brill 2005; Liberi et al. 2005; Balint et al. 2015; Hang et al. 2015; Dibitetto et al. 2016; Liu et al. 2017) . The unique ability of the Ddc1-Dpb11 complex to promote the phosphorylation of Rtt107 and Slx4 by Mec1 was also readily detected in untreated asynchronous cultures (Fig. 5C ).
Since Slx4 and Rtt107 form a protein complex that directly interacts with Dpb11 at DNA lesions (Ohouo et al. 2010 (Ohouo et al. , 2013 Gritenaite et al. 2014; Balint et al. 2015; Cussiol et al. 2015) , we hypothesized that the endogenous Mec1 activators (in this case, Dpb11) are able to direct Mec1 phosphorylation to specific lesion-proximal substrates. Consistent with this model, we found that while deletion of DDC1 selectively impaired phosphorylation of Slx4-Rtt107, mutation of Dna2 selectively impaired the Mec1 phosphorylation of Sgs1, a RecQ DNA helicase shown to associate with Dna2 (see Fig. 5D , comparison of the phosphoproteome of ddc1Δ tel1Δ cells with the phosphoproteome of dna2-AA tel1Δ cells) (Cejka et al. 2010; Yimit et al. 2015) . Furthermore, the results also suggest that Mec1 activation via Ddc1-Dpb11 or Dna2 may suppress GCRs through redundant mechanisms, since the presence of either endogenous activator alone is sufficient for maintaining genetic stability (Fig. 1C) .
Collectively, these QMAPS data indicate that "free" MADs can activate Mec1 to an extent similar to, or even greater than, the endogenous activators (Fig. 5B , growth-correlated substrates). Moreover, the results reveal that in addition to facilitating the phosphorylation of all growth-correlated substrates, the endogenous activators are able to direct Mec1 phosphorylation to particular proteins that associate specifically with each activator (Fig. 5E ) and that this "activator-directed" phosphorylation strongly correlates with GCR suppression. Overall, these findings provide a biological rationale for the evolutionary integration of MADs within select endogenous proteins.
Rationally designed protein-MAD fusions can direct Mec1 phosphorylation and restore genetic stability in ddt cells
To further interrogate the model that "activator-directed" Mec1 phosphorylation is important for promoting GCR suppression, we fused MADs directly to the substrates whose phosphorylation correlates with GCR suppression (Rtt107 and Sgs1), with the rationale that these chimeras would bypass the need for the endogenous Mec1 activators (Fig. 6A) . Consistent with this rationale, introduction of MAD-Rtt107 into ddt cells promoted the preferential phosphorylation of both Rtt107 and Slx4 (Fig. 6B) , mimicking the introduction of DDC1 (Fig. 5B) . Similarly, a Sgs1-MAD fusion promoted its own phosphorylation (Fig. 6C ). These changes in phosphopeptide abundance are not due to dramatic changes in protein expression, as the abundance of several non-S/T-Q phosphopeptides in Rtt107 and Sgs1 is not strongly affected (Supplemental Fig. S4A ). Remarkably, these unnatural MAD fusion proteins were able to suppress genetic instability in ddt cells (Fig. 6D) . As a control, the mutation of key hydrophobic residues within the MAD domains of Sgs1-MAD or MAD-Rtt107 impaired their ability to suppress GCRs (Supplemental Fig. S4B ). Taken together, these results are consistent with the interpretation that these fusions, as opposed to "free" MADs, are capable of directing Mec1 phosphorylation in a manner similar to the endogenous activators. We note that the observed rescue seems highly specific to MAD-Rtt107 and Sgs1-MAD, as fusion of MADs with other proteins associated with DNA replication and chromatin did not restore genetic stability to the extent of MAD-Rtt107 or Sgs1-MAD (Fig. 6E) . Notably, all MAD fusions tested could robustly rescue growth and activate Mec1 (Fig. 6E, top panel; Supplemental Fig.  S5 ). Interestingly, both MAD-Msh6 and MAD-Ctf4 fusions were able to specifically promote robust phosphorylation of S/T-Q sites in Msh6 and Ctf4, respectively (Supplemental Fig. S5 ), although these phosphorylation events do not seem to be involved in GCR suppression. Moreover, of all MAD fusions tested, the Sgs1-MAD fusion promoted the weakest rescue of the growth defect of ddt cells (Fig. 6E, top panel) despite supporting the most efficient suppression of GCRs. In agreement with this observation, QMAPS comparing Mec1 activation via Sgs1-MAD or "free" MAD shows that the latter promotes more efficient phosphorylation of several growthcorrelated substrates (Fig. 6C) .
A noncanonical role for Mec1 in promoting DNA replication
Reactivation of Mec1 in ddt cells promoted a drastic increase in growth rate, but the mechanism underlying this proproliferative effect is unclear. Since Mec1 plays an established role in the regulation of dNTP levels via the downstream checkpoint kinases Rad53 and Dun1 (Zhao and Rothstein 2002; Chabes et al. 2003; Giannattasio and Branzei 2017) , we tested whether the growth rescue conferred by Mec1 reactivation in ddt cells requires Rad53 or Dun1. We generated a ddt strain that has additional deletions of both RAD53 and DUN1 and found that the removal of both downstream kinases did not preclude the growth rescue elicited by the introduction of "free" MADs or Ddc1 ( Fig. 7A,B ; Supplemental Fig. S6A ). Consistent with this finding, the presence of the ribonucleotide reductase inhibitor protein Sml1 did not prevent MAD-dependent growth rescue in ddt cells (Supplemental Fig. S6B ). To rule out the possibility that Mec1 is increasing dNTP levels in a manner independent of the checkpoint kinases and beyond the increase resulting from the deletion of SML1, we directly measured dNTP concentrations in ddt rad53Δ and ddt rad53Δ dun1Δ cells expressing "free" MADs, Ddc1, or an empty vector. We found that neither "free" MADs nor Ddc1 increased the concentrations of dNTPs in these cells (Fig. 7C) . We also assessed the involvement of telomere regulation and found that restoring telomere length in ddt cells does not affect MAD-dependent growth rescue (Supplemental Fig. S7A,B) . Collectively, these data demonstrate that Mec1 promotes growth independently of the downstream checkpoint kinases and through a means other than increasing global dNTP pools. The growth rescue is associated with a faster progression of cells through S phase, as revealed by FACS analysis of asynchronous cultures showing that Mec1 activation induced by "free" MADs reduces the accumulation of S-phase cells (Fig. 7D ).
Mec1's proreplicative function is uncoupled from downstream checkpoint signaling during active DNA synthesis
In its canonical checkpoint function, Mec1 phosphorylates Rad53, which in turn inhibits the firing of origins of replication (Santocanale and Diffley 1998) . It is important to mention that, while Rad53 also up-regulates dNTPs as part of an emergency response to facilitate DNA repair (Chabes et al. 2003) , the overall consequence of triggering Mec1-Rad53 checkpoint signaling is an antireplicative effect, as judged by a reduction in bulk DNA synthesis within an S phase (Zegerman and Diffley 2010) . In this context, the discovery of a proreplicative function for Mec1 reveals an interesting paradox: Mec1 is seemingly able to both promote and inhibit DNA replication through the phosphorylation of either its growthcorrelated substrates or Rad53, respectively. This observation led us to more carefully examine the differences between how these two seemingly antagonistic modes of Mec1 signaling are induced. The phosphorylation of Rad53 by Mec1 is generally thought to require exposure of ssDNA, which serves as a recruitment platform. One simple scenario that demonstrates contextual requirements for Mec1's phosphorylation of Rad53 can be seen with 4-NQO treatment in G1-arrested cells. Nucleotide excision repair-dependent processing of 4-NQO-induced DNA lesions generates short ssDNA gaps in G1, which are sufficient for checkpoint activation (Giannattasio et al. 2004 ). We therefore wondered whether 4-NQO-derived ssDNA exposure in G1 could also stimulate the same set of substrates found to be phosphorylated in growth-correlated Mec1 signaling. In addition to promoting Rad53 hyperphosphorylation, 4-NQO treatment of G1-arrested cells also resulted in robust phosphorylation of the same set of Mec1's growth-correlated substrates (Fig. 7F) , suggesting that 4-NQO-derived ssDNA exposure in G1 is sufficient for the activation of both the -RTT107 fusion. Cells were synchronized in S phase using 0.03% MMS. (C ) QMAPS comparing Mec1 signaling activated by "free" MAD DNA2 versus a SGS1-MAD DNA2 fusion. Cells were synchronized in S phase using 0.03% MMS. (D) Measurement of GCR events in the ddt strain transformed with the indicated pRS415 plasmids. MAD DNA2 -RTT107 and SGS1-MAD DNA2 were expressed from the ADH1 promoter. The experiment was performed as described in Figure 3A . (E) Measurement of GCR events and doubling time of the ddt strain transformed with pRS415 plasmids with the indicated inserts. The red dashed line indicates the approximate median level of GCR events for the ddt strain. For extended growth curves and QMAPS demonstrating the ability of these protein-MAD fusions to activate Mec1, see Supplemental Figures S4C and S5. checkpoint and checkpoint-independent modes of Mec1 signaling. "Free" MADs could also activate Mec1 in response to 4-NQO treatment in G1 (Supplemental Fig.  S8 ), although not as well as Ddc1-Dpb11 (Supplemental Fig. S8 ), suggesting that "free" MADs may require more extensive ssDNA exposure for full Mec1 activation (as seen in S-phase) (Fig. 5A,B) . Importantly, in the absence of 4-NQO treatment, most Mec1 substrate phosphopeptides are below the level of detection in G1-arrested cells (Supplemental Table S5 ). Therefore, our findings are consistent with a model in which ssDNA exposure is required for activating the different modes of Mec1 signaling. dNTPs Rfa1 S178 Rfa1 S178
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Hta2 S129 Hta2 S129 Figure 7 . Mec1 promotes and is activated by DNA synthesis. (A,B) Growth rate of the ddt rad53Δ dun1Δ strain transformed with the indicated pRS415 plasmids. For B, the doubling time during log phase growth in −Leu medium is indicated in parenthesis. Error bars represent the standard deviation from at least six replicate cultures. The results depicted are representative of multiple independent experiments. For extended growth curves, see Supplemental Figure S6A . (C ) Measurement of dNTP pools in ddt rad53Δ dun1Δ cells transformed with the indicated pRS415 plasmids. (D) FACS analysis of the ddt rad53Δ dun1Δ strain carrying the same plasmids as in A. Asynchronous cultures were captured in log phase growth. G1 arrest and release of ddt rad53Δ dun1Δ strain proved technically challenging because of its severe sickness. (E) The cellular processes associated with Mec1's growth-correlated substrates (as defined in Fig. 5A , B). (F) QMAPS comparing α-factor-arrested tel1Δ cultures mock-treated or treated with 0.4 µg/mL 4-NQO for 50 min. Representative FACS plots for each condition are displayed inside a square below the plot. A Rad53 phospho-shift for experimental conditions assessed in the QMAPS is displayed below the plot. (G) QMAPS comparing tel1Δ cells released from G1 into S phase for 45 min with G1-arrested cultures that were treated with 0.4 µg/mL 4-NQO for 50 min. Representative FACS plots for each condition are displayed inside a square below the plot. A Rad53 phospho-shift for experimental conditions assessed in the QMAPS is displayed below the plot. (H) Model for the separable modes of Mec1 action.
Based on the model that ssDNA is required for activation of Mec1 signaling, we postulated that proreplicative Mec1 signaling could be activated by dynamic ssDNA exposure during active DNA synthesis. Consistent with this model, our phosphoproteomic analysis revealed that cells undergoing normal S phase display a level of phosphorylation of growth-correlated substrates similar to the level induced by 4-NQO treatment in G1 (Fig. 7G) . These findings are congruent with our recent work showing that Mec1 is highly active during normal S phase and that this activity is correlated with the extent of DNA synthesis and independent of S-phase CDK activity . Interestingly, Rad53 phosphorylation and activation were robustly stimulated in G1 in the presence of 4-NQO but not during normal S phase (Fig. 7G) , revealing that growth-correlated Mec1 signaling is uncoupled from downstream checkpoint signaling during normal DNA replication. Taken together, these results are consistent with a model in which Mec1's proreplicative function is induced by active DNA replication forks in a manner that does not trigger the anti-replicative checkpoint cascade. Surprisingly, as conveyed in Figures 2 and 3 , this proreplicative function is also separable from Mec1's role in GCR suppression (Fig. 7H) .
Discussion
Almost two decades ago, mec1Δ tel1Δ was identified as one of the most genetically unstable yeast strains. These cells have dramatically elevated rates of aneuploidy (McCulley and Petes 2010) and undergo chromosome rearrangements at an extremely high frequency (Myung et al. 2001) , often as a consequence of HR between repetitive DNA elements (Vernon et al. 2008) . Despite extensive investigation, the mechanism by which the Mec1/ATR and Tel1/ATM kinases suppress GCRs has remained elusive, representing one of the most fundamental knowledge gaps in our mechanistic understanding of genome maintenance. Moreover, mec1Δ tel1Δ cells exhibit a severe growth defect, which has commonly been attributed to their extreme genetic instability and an inability to activate Rad53. Here we report the unexpected finding that the roles of Mec1 in suppressing GCRs and promoting cell proliferation are entirely separable and, importantly, independent of canonical checkpoint signaling (Fig. 7H) .
Activator-directed phosphorylation and the suppression of genetic instability Our approach to manipulate Mec1 reactivation in ddt cells revealed that activator-directed phosphorylation, whether mediated by the endogenous activators (Dna2, Dpb11, and Ddc1) or chimeric protein-MAD fusions, is a critical requirement for the suppression of GCRs. Since Dna2 associates with 5 ′ DNA flaps (Wanrooij and Burgers 2015) and since Ddc1-Dpb11 associate with 5 ′ DNA junctions (Majka et al. 2006) , our results are consistent with the model that the recruitment of MAD-containing proteins to these structures is required to promote a localized mode of Mec1 signaling that can suppress GCRs (Supplemental Fig. S9) . Notably, we found that Mec1 activation by Dna2 or Ddc1-Dpb11 preferentially directs Mec1 phosphorylation to Sgs1 and Slx4-Rtt107, respectively, which are known to associate with the activator that promotes their phosphorylation. Thus, we propose that MAD-containing proteins direct Mec1 to phosphorylate nearby substrates, which, in our phosphoproteomic analyses, are correlated with, and presumably involved in, the suppression of GCRs. Because either Dna2 or Ddc1-Dpb11 alone is sufficient for genetic stability in a tel1Δ background, the revelation that they promote the phosphorylation of distinct Mec1 substrates suggests that they may act in parallel to suppress GCRs. Moreover, since both Slx4-Rtt107 and Sgs1 play roles in DNA end resection and processing of HR intermediates (Shor et al. 2002; Mimitou and Symington 2008; Zhu et al. 2008; Dibitetto et al. 2016) , we speculate that they may represent substrates in functionally redundant pathways for Mec1-dependent control of HRmediated DNA repair. To test this model and define the set of substrates involved in GCR suppression, it will be important to recapitulate the high GCR rates seen in mec1Δ tel1Δ cells by mutating the precise combination of Mec1-dependent phosphorylation sites. However, we expect that the generation of such a mutant strain will be quite challenging. In addition to the potential issue of functional redundancy in GCR-correlated phosphorylation sites, we note that technical limitations are likely preventing the identification of all relevant GCR-correlated phosphorylation events, as MS is able to detect phosphorylation only within MS-compatible peptides. Moreover, since Tel1 is capable of partially suppressing the genetic instability that results from the absence of Mec1, it will be important to investigate whether Tel1 can redundantly phosphorylate the same substrates that are targeted by Mec1 to suppress GCRs or acts as part of an independent backup pathway.
Our findings may also have interesting evolutionary implications. The fact that "free" MADs are unable to stimulate Mec1-dependent GCR suppression provides a biological rationale for the evolutionary integration of MADs within select endogenous proteins. Also, the observation that specific MAD fusions (MAD-Rtt107 and Sgs1-MAD) can rescue the genetic stability of ddt cells indicates that the ability of MAD-containing proteins to direct Mec1 phosphorylation is the utmost feature dictating their functionality as a Mec1/ATR activator. This insight may help explain why not all Mec1 activators in yeast show direct conservation in higher eukaryotes. In fact, the only conserved activator of ATR is the homolog of Dpb11: TOPBP1. A second ATR activator, ETAA1, was identified recently, though it has no clear ortholog in simpler eukaryotes. Interestingly, Bass et al. (2016) demonstrated recently that ETAA1 displays a genetically epistatic relationship to BLM helicase, the mammalian ortholog of Sgs1. Thus, despite being activated by evolutionarily unrelated proteins in different eukaryotic organisms, ATR may still suppress genetic instability via mechanisms that are highly conserved.
Growth-correlated Mec1 signaling and the promotion of DNA replication
Perhaps the most unexpected result from our present work is that the slow growth phenotype of cells lacking Mec1 and Tel1 signaling is separable from their genetic instability. This finding has far-reaching implications, especially for investigating how Mec1/ATR signaling functionally interfaces with the DNA replication machinery. Of importance, our genetic system for manipulation of Mec1 activation now provides the means to study the proreplicative functions of Mec1 signaling independently of its role in GCR suppression. We expect that future investigations using this genetic system will allow the careful dissection of the mechanism by which Mec1 promotes DNA replication and cell growth.
The finding of a proreplicative role for Mec1 is consistent with our previous report of a replication-correlated mode of Mec1 signaling that is robustly active during the progression of normal S phase . This work also showed that Mec1 activation in S phase is associated with active DNA synthesis and not with the buildup of S-phase CDK activity, supporting the model that replication-correlated signaling is triggered by ssDNA exposure. It is possible that dynamic ssDNA exposure during lagging strand synthesis is conducive for the recruitment of Mec1 and its activators and the consequent activation of Mec1. Importantly, since these replication intermediates are highly dynamic, the checkpoint adaptor proteins (Mrc1 and Rad9) that transduce Mec1 phosphorylation to Rad53 may be unable to assemble, which would explain the uncoupling between Mec1 signaling and Rad53 activation (Fig. 7G; Bastos de Oliveira et al. 2015) . Such uncoupling helps explain how Mec1 could play a proreplicative role during unchallenged S phase despite also being able to negatively regulate DNA replication upon replication stress (Santocanale and Diffley 1998) .
It is intriguing that Tel1 seems capable of playing a proreplicative role in a manner redundant to Mec1 (note that ddc1Δ dna2-AA strain is significantly healthier than ddc1Δ dna2-AA tel1Δ) (Kumar and Burgers 2013) . This is an unexpected finding, since Tel1 is not commonly viewed as a replication fork-associated kinase. Nonetheless, many of the growth-correlated targets identified here can also be targeted by Tel1 . We speculate that Tel1 might also be activated by dynamic replication intermediates and redundantly phosphorylate a subset of growth-correlated substrates to promote DNA replication. One alternate explanation is that cells lacking Mec1 naturally accumulate DSBs, which can lead to a constitutive level of Tel1 signaling that results in the phosphorylation of substrates that mediate the progrowth function.
The mechanism by which Mec1 signaling promotes DNA replication is currently unclear. One attractive possibility is that Mec1 can also increase dNTP levels independently of downstream checkpoint signaling, as the up-regulation of dNTP levels has been shown to be sufficient for faster fork speed in S phase (Poli et al. 2012) . However, our results in Figure 7C indicate that the proreplicative function of Mec1 highlighted here does not involve the up-regulation of dNTP pools. Alternatively, the Bell laboratory (Randell et al. 2010) has proposed that Mec1 can directly phosphorylate MCM proteins and prime them for firing, a role that may also be consistent with the proreplicative functions that we uncovered here. However, the Bell laboratory (Randell et al. 2010) demonstrated that Mec1's participation in origin priming was entirely redundant to DDK, the canonical priming kinase. Since DDK is functional in our system, the proreplicative Mec1 function delineated by our work is likely independent of origin priming via MCM phosphorylation, although Mec1 could still potentially regulate origins in some other, as yet unknown manner. Based on the identity of the growth-correlated targets that we identified (Fig. 7E) , it is logical to hypothesize that Mec1 may promote DNA replication by regulating transcription and chromatin. One possibility is that Mec1 regulates the passage of replication forks through obstacles formed by engaged transcriptional complexes or chromatin. A recent study investigating Mec1's role in limiting transcription-replication conflicts supports this possible model (Poli et al. 2016 ). In the future, it will be interesting to monitor the dynamics of fork movement across the entire genome in ddt cells expressing "free" MADs or carrying an empty vector. While it is possible that Mec1 promotes DNA replication via regulation of a specific substrate within our list of growth-correlated substrates, we favor the model that Mec1 exerts this proreplicative function through the control of multiple substrates.
We expect that, similar to its checkpoint function, Mec1's proreplicative function is also conserved in mammalian ATR. It may be a challenge to generate a system capable of separating ATR's genome maintenance and checkpoint functions from a potential proreplicative function. Haahr et al. (2016) demonstrated recently that overexpression of just the AAD of ETAA1 can hyperactivate ATR in human cells, and overexpression of the AAD of TOPBP1 has been shown to result in cellular senescence (Toledo et al. 2008) . However, experiments analogous to what we presented here need to be performed in cells with a "dormant" ATR (lacking functional AADs of TOPBP1 and ETAA1) so that a growth-rescuing effect can be appreciated. We also note that the dependence on ssDNA exposure for ATR activation by "free" AADs has yet to be formally tested. Finally, since ATR inhibitors are in preclinical trials for cancer treatment, our findings may also have implications for clinical studies, especially if ATR inhibitors exert their anti-cancer effects in part by inhibiting a proreplicative function of ATR in cancer cells.
Materials and methods
Yeast strains
A complete list of yeast strains used in this study is in Supplemental Table S8 . The strain background for all yeast used in this study is S288C. Gene deletions were carried out using standard PCR-based strategies to amplify resistance cassettes with appropriate flanking sequences homologous to the target gene. All genetic manipulations were verified by PCR. Spores generated from diploids were genotyped via PCR and/or replica plating. Primer sequences for gene deletions are available on request.
Antibodies
Rad53 was detected via Western blot using the EL7.E1 antibody. The expression of free MADs containing a 3xHA epitope tag was detected via Western blot using the 12CA5 anti-HA antibody.
Plasmid construction
A complete list of the plasmids used in this study is in Supplemental Table S7 . MADs from all three Mec1 activators in yeast were cloned into pRS415 vectors containing various promoters for expression in yeast. MADs used in this study were as follows: MAD
DPB11
, MAD DNA2 , and MAD DDC1 (representing amino acids 572-764 of Dpb11, amino acids 1-450 of Dna2, and amino acids 341-562 of Ddc1).
MAD-protein fusions (used in Fig. 6 ) were generated by Gibson assembly. See Supplemental Figure S10 for a schematic that details the MAD-containing plasmids used in this study and the cloning strategy used to generate the MAD-protein fusions. Additional information regarding the vectors is available on request.
Measurement of GCR events
GCR-compatible strain ddt was obtained as a spore from a heterozygous ddt diploid and frozen immediately. All GCR assays began with a pRS415 plasmid transformation of yeast freshly streaked from the frozen stock. The transformed yeast cells were spread on −Leu plates. Transformants were grown into visible colonies, and, 64-72 h after plasmid transformation, individual colonies were transferred to 2 mL of −Leu liquid culture. After ∼48 h, 0.5 mL of saturated culture (∼10 million yeast cells) was spun down, washed with 300 µL of autoclaved ddH 2 O, resuspended in 150 µL of autoclaved ddH 2 O, and spotted onto plates containing 5-FOA and canavanine (plates described by Putnam and Kolodner 2010) . For sicker ddt derivative strains (e.g., ddt rad53Δ), 1 mL of saturated culture was used per spot. In parallel with each GCR experiment, multiple saturated cultures were serially diluted 200,000× and plated onto YPD plates to determine the average population viability. After several days, the appearance of 5-FOA-and canavanine-resistant colonies in a spot was used to calculate the number of GCR events that occurred in a single culture. The number of GCR events in a culture was calculated using the equation m[1.24 + ln(m)] − r = 0, where r is the number of 5-FOA r Can r yeast in a culture, and m is the estimated number of GCR events (Putnam and Kolodner 2010) .
The number of GCR events per culture was normalized to the average population viability for each experiment.
Growth curves
Yeast was grown to saturation in YPD medium or transformed with pRS415 (LEU) plasmid and grown to saturation in −Leu minimal medium. Saturated YPD cultures and minimal medium cultures were diluted 200× and 100×, respectively, and loaded into a Bioscreen C honeycomb plate. Cultures were grown at 30°C with constant agitation using a Bioscreen C plate reader. Optical density measurements were made every 20 min at 600 nm over a period of 48 h. Each curve represents a single experiment and was constructed from between six and nine replicate cultures. Error bars represent the standard deviation of the replicate cultures.
All curves are representative results from at least two independent experiments.
MS-based phosphoproteomics
Methodologies detailing the identification of Mec1/Tel1 substrate phosphopeptides and the construction of QMAPS can be found in our previous work . For stable isotope labeling of amino acids in cell culture (SILAC), yeast strains auxotrophic for lysine and arginine were grown in −Arg −Lys synthetic dropout medium supplemented with either normal L-arginine and L-lysine (light culture) or L-lysine 13C6, 15N2 and L-arginine 13C6, 15N4 (heavy culture) as described previously (Ohouo et al. 2013) . Unless indicated otherwise, QMAPS were constructed from at least two independent phosphoproteomic experiments. Unless indicated otherwise, only phosphopeptides detected and quantified in at least two independent experiments were included in the QMAPS plots. For statistical analysis, P-values were calculated for all Mec1 substrates using the Mann-Whitney statistical test (see Supplemental Tables S1, S2, S5). In this case, the P-value represents the probability that a given phosphopeptide fold change is significant relative to fold changes seen in the total population of detected phosphopeptides. More detailed information on the QMAPS is in the Supplemental Tables S1-S6.
Phosphorylation analysis of Slx4 immunoprecipitates
Slx4-13xMyc was immunoprecipitated from ddt cells expressing MAD DNA2 or dna2-AA tel1Δ cells carrying an empty vector. Cells were harvested in the absence of any exogenous agents while growing asynchronously. Phosphopeptides were enriched from the immunoprecipitated protein. Immunoprecipitation-IMAC (immobilized metal affinity chromatography)-MS steps were performed as described by Bastos de Oliveira et al. (2015) .
FACS analysis of cell cycle progression
Cells were collected while growing asynchronously in log phase, fixed in 70% ethanol, and stored at −20°C. Yeast cells were harvested by centrifugation, ethanol was removed, and the cell pellet was resuspended in 50 mM sodium citrate followed by treatment with 200 µg/mL RNase A (Qiagen) for 1 h at 37°C and 500 µg/mL proteinase K (Invitrogen) for 1 h at 42°C. Finally, cells were incubated in the presence of Sytox Green (Molecular Probes) for 2 h. FACS profiles were analyzed using a BD Accuri C6 flow cytometer and CFlow software.
Measurement of dNTP levels
Logarithmically growing yeast cells with OD 600 between 0.3 and 0.4 were harvested on nitrocellulose membrane and suspended immediately in an ice-cold mixture of 12% TCA and 15 mM MgCl 2 . Cells were vortex-mixed for 15 min at 4°C and then centrifuged at 14,000 rpm for 1 min at 4°C. The supernatant was neutralized with a freon-trioctylamine mix and processed as described previously (Jia et al. 2015) .
Data availability
The MS proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (Proteomics Identifications) (Vizcaíno et al. 2016 ) partner repository with the data set identifier PXD009734.
